A multiwavelength pyrometer was developed for applications unique to aerospace environments. It was shown to be a useful and versatile technique for measuring temperature, even when the emissivity is unknown. It has also been used to measure the surface temperatures of ceramic zircornia thermal barrier coatings and alumina. The close agreement between pyrometer and thin film thermocouple temperatures provided an independent check.
Other applications of the multiwavelength pyrometer are simultaneous surface and bulk temperature measurements of a transparent material, and combustion gas temperature measurement using a special probe interfaced to the multiwavelength pyrometer via an optical fiber. The multiwavelength pyrometer determined temperature by transforming the radiation spectrum in a broad wavelength region to produce a straight line (in a certain spectral region), whose intercept in the vertical axis gives the temperature.
Implicit in a two-color pyrometer is the assumption of wavelength independent emissivity. Though the two data points of a two-color pyrometer similarly processed would result immediately in a similar straight line to give the unknown temperature, the two-color pyrometer lacks the greater data redundancy of the multiwavelength pyrometer, which enables it to do so with improved accuracy. It also confirms that emissivity is indeed wavelength independent, as evidenced by a multitude of the data lying on a simple straight line. The multiwavelength pyrometer was also used to study the optical transmission properties of a nanostructured material from which a quadratic exponential functional frequency dependence of its spectral transmission was determined. Finally, by operating the multiwavelength pyrometer in a very wide field of view mode, the surface temperature distribution of a large hot surface was obtained through measurement of just a single radiation spectrum. shortcoming, we plan to replace our spectrometer with a very fast one which will use array detectors and diffraction grating monochromation.
B. Method
The multiwavelength pyrometer is calibrated with radiation from a black body furnace at a known temperature viewed either through its mirror optics or through the optical fiber interface. The calibration process determines the instrument constants necessary for converting the detector output into radiation intensity at each of the wavelength channels.
The emitted radiation (followed by transmission through air or an optical fiber) is described by Planck's law of black body radiation I ct 1 results in a straight line whose slope is Ln(Ex_'x)/c2. This is the self verifying feature of the multiwavelength pyrometer, confirming that in this spectral region, the emissivity is independent of wavelength. The quantity 1/y at each wavelength h is often referred to as the radiant temperature. By fitting a best straight line to the quantity y derived from experimental data, the inverse of the desired unknown temperature T is determined from the zero wavelength intercept of the fitted line. In all the materials we have studied, even when the emissivity possessed variation over large spectral regions, there always existed a region or regions in which the emissivity was fairly constant or exhibited only such slight variations that the method was applicable.
The implicit assumption of the multiwavelength pyrometer that emissivity is independent of wavelength is also assumed by a two-color pyrometer. But a two-color pyrometer is not able to provide verification that this assumption is satisfied, and it also lacks the greater data redundancy, which the multiwavelength pyrometer possesses to provide increased accuracy, confidence, and significance.
IlL APPLICATIONS AND RESULTS
The multiwavelength pyrometer has been used in appli- 
C. Glass material
The analysis of a transparent material is different from that of an opaque material.
In general (referring to Fig. 8 cl 1
where a is the absorption coefficient of the transparent material, and T(x) is the temperature at x. R is the fraction of radiation that is reflected back into the medium at the interface. Therefore 1-R is the fraction that escapes being reflected. For simplicity, any spectral dependence of R is omitted from the notation. The total contribution from all the slabs from x = 0 to x = D, is obtained by integrating Eq. (3) over this length
where D is the total thickness of the transparent medium.
The glass heated by a propane torch. The spectrum (Fig. 9 ) of a piece of glass raised in temperature by a propane torch was recorded by the multiwavelength pyrometer.
Most of the radiant energy in the spectrum was contained in the spectral region longer than I /xm. Equation (2) applies well in this region, as shown by a Planck curve of temperature 1194 K and a value of 0.74 for the term Ln(Ex_'x) to fit the data. The agreement is extremely good. The deviation near 2.4/zm was due to the poor signal to noise in that region. We concluded that a predominant portion of the radiation is surface emission at wavelengths longer than 1 /zm. In the short wavelength region, the radiation originated from inside the transparent material. In general, there will be a temperature profile T(x) which is a function of x. However, assuming that a characteristic interior temperature T_ can be defined, Eq. (4) is rewritten as
(1 -R)I_ where
By transforming Eq. (6) 
If inserted into the path of the exhausting combustion gases.
The combustion gas temperature was inferred from a heat transfer modeling calculation using the thermocouple temperature. Though beryllia can operate to at least 2670 K, an inert (argon) atmosphere was necessary inside the shroud tubing to prevent tungsten and rhenium metal oxidation. Enhanced performance of this combustion gas temperature measurement probe was achieved by dispensing with the thermocouple and by instead incorporating the multiwavelength pyrometer. Radiation from the internal beryllia probe wall was coupled by fiber optics to the multiwavelength pyrometer to measure the beryllia temperature and hence the left vs k will give a straight line, with the intercept equal to • combustion gas temperature. The usual calibration using a the reciprocal of the temperature T i . The extent to which this bIack body was performed ahead of time. The apertured low assumption is true will be determined by how well the data of the experiment agrees with this interpretation, loss silica fiber was positioned at the cold end of the protec-The results of analyzing a glass radiation spectrum are tive probe. Its incorporation eliminated the necessity for inert shown in Fig. 10 . The transformation clearly shows that gas which the use of tungsten and rhenium thermocouples there are two regions, corresponding to the long and short required. The fiber optics data of the probe acquired in the wavelengths.
In the long wavelength region, the radiation atmospheric burner operating at two levels were transformed as before and shown in Figs. 12 and 13. The temperatures of comes from the surface. According to Eq. (2), its temperature was 1194 K. The data corresponding to the short wavelength data fell on another straight line segment, implying that the integral defined by Eq. (7) is indeed independent of wavelength. The intercept of this line yielded a bulk temperature of 1136 K. This is 60 K cooler than the surface where the heating took place. The multiwavelength pyrometer measured bulk temperature in the transparent interior as well as the surface temperature.
D. Combustor gas temperature measurement
Turbo machinery combustor exhaust gas has very high temperatures, which can be over 2300 K, easily exceeding the working temperatures of platinum thermocouple materials. The combustor we used in this experiment was an atmospheric burner similar to the one shown in Fig. 2 , both in design and in application geometry. Higher temperature thermocouple materials such as tungsten and rhenium exist, but are oxidized easily in the environment of the hot gases. A combustion gas temperature probe (Fig. I l) was designed at the National Aeronautics Space Administration (NASA). t°T ungsten/rhenium thermocouples measured the internal temperature of a protective tubular beryllia shroud, which was the gas temperature probe were determined to be 1360 and 1745 K, respectively. The precipitous decrease in signal above 2/zm was due to the silica fiber transmission loss in that region. The only means of comparison was a type S thermocouple inserted into the flame at the burner tip, reading 1300 and 1580 K, respectively. the result of a combination of degrading sensor spectral detectivity and higher absorption by the high OH silica fiber occurring there.
E. Nanostructured thermal barrier coating
Experiments to record the spectra of (i) a black body furnace, (ii) its transmission intensity through a plain sapphire disk, and (iii) its transmission intensity through a sapphire disk having a nanostructured coating deposited on it were performed as shown in Fig. 14. These spectra are shown in Fig. 15 . The transmission coefficients r of the plain sapphire disk (obtained from dividing the sapphire transmission by the black body intensity) and that of the coated sapphire disk are shown in Fig. 16 . Nanostructured coating is a proprietary substance. Its exact structure, chemical composition, and manufacture process are guarded and not revealed by the manufacturer. It is only known that its total thickness is about 25/zm, and consists of hundreds of alternating layers of at least two substances. Based on this information, we attempted to analyze its optical transmission properties. The transmission coefficient r for a general k-layered structure, with k + 1 interfaces is given by the ratio of two 
where tl,t 2 .... are the transmission coefficients at the boundary interfaces, rt ,r2 .... are the reflection coefficients at these interfaces, and the summation in the denominator is over all the possible even products of r ! r 2 .... The statement "all the possible" means one must take all monotonic subsets of
where S = 2,4,6 ..... but never exceeding k + 1. The quantity 2di 1 &i= 2"rr----
n i )t is the phase difference experienced by radiation of wavelength h passing through a layer, n_ is the nanostructured layer's refractive index, and di is the thickness of the nanostructured layer. For k = 1, the case of a single layer, we have the familiar transmission formula 12
ttt2 exp(-iqb) (13) ¢= 1 +rlr 2 exp(-2i_b) of a single layer interference filter.
Equation (9) can be interpreted as follows: the numerator is related to the magnitude of transmitted radiation through the nanostructured layers while the denominator expresses the result of constructive and destructive interference of radiation as it passes back and forth through the many layers of the material that make up the TBC. The oscillations in the transmission curve ( Fig. 16) are manifestations of this interference process. In our application, the denominator is too complicated to write down explicitly in closed form. In our analysis, it is treated as having a value of magnitude unity because the preexponential factors are all less than unity.
Assume that the nanostructure has just two different ture coated sapphire transmission exhibited strong spectral variation.
A plot of Ln(r)k 2 vs k is shown in Fig. 17 
where _-_p(k) is the transmission of the sapphire on which compositional layers, one of them acting as a thin separation the nanostructure is deposited, and a is some constant. This boundary, and that the pattern is repeated. There are thus k functional spectral dependence of nanostructure transmissivpairs. For the ith one, t i results from scattering through this ity is useful and important to know when one measures the compositional pair. In the nanostructure, the total thickness temperature of a substrate situated beneath a coating of nanoof this layer pair is d/k, where d is now the total thickness of structured substance. the nanostructure layers, and k the number of pairs in them.
The nanostructure is considered to be a collection of scatterers with a density of N per unit volume. Each scatterer has a :: F. Temperature distribution measurement scattering cross section or. For a unit intensity, unit cross section input, the radiation that is scattered away by them is High spatial resolution is necessary to measure the tem-N_d/k.
The unscattered fraction will be the transmitted in-perature of surfaces whose temperature varies greatly from tensity, therefore ti = 1-Ntrd/k. the investigated spectral re#on (Fig. 16) . But the nanostruc-wavelength is given by Such a spectrum (Fig. 18) , that of a 20 cm diameter metal plate (Fig. 19) was obtained using the multiwavelength pyrometer.
The plate was raised in temperature by impinging a narrowly penciled propane torch flame at the surface that was not facing the pyrometer. The flame geometry produced a nonuniform temperature distribution on the metal plate.
The pyrometer was calibrated with a black body furnace and then used to acquire the very broad spectrum of this spatially large nonuniformly heated radiating metal plate. The spectrometer's normal field of view is variable from 1 to 6 mR and is capable of operating in the spectral region between 1.3 and 14.5 #m. A modification to the spectrometer enabled it to view a much wider (6°) field. The metal plate was completely contained inside the radiometer's increased, broader field of view by varying the distance between it and the spectral radiometer. 
Solving this matrix equation to obtain a belongs to a class of "ill-posed" mathematical problems, requiring "regularization" 15 to determine its solution according to
where I is the identity matrix, K' is the transpose of matrix 
